There exist several recent studies of the top-quark chromoelectric dipole moment (CEDM) in the context of searching for CP violating signals in top-quark pair production at the LHC. Most of these studies constrain the CEDM either from deviations in the top-pair cross section from its standard model value, or from T-odd asymmetries in the dimuon channel. Motivated by ATLAS and CMS interest, we extend the study of T-odd asymmetries to the lepton plus jets channel. At the parton level, using MADGRAPH5, we identify the most promising signals and their statistical sensitivity. We find that the signals with larger sensitivity to the CEDM require distinguishing between b andb jets and propose a simple way to address this.
I. INTRODUCTION
As the LHC becomes a top-quark factory it becomes increasingly interesting to search for new sources of CP violation at high energy. In the absence of a compelling new model with CP violation affecting the top quark, a good first step is to study the lowest-dimension operators that can induce the desired effect. In particular, since the dominant production process for the top quark at the LHC is gluon fusion, the top-quark CEDM becomes the benchmark for this type of studies.
The flavor diagonal dipole couplings between top quarks and gluons of magnetic and electric type are conventionally written as
with d g t being the CP-odd CEDM. As written, this operator is not gauge invariant under the full standard model gauge group. Within the context of effective field theories and assuming that the particle discovered at the LHC is the standard model (SM) Higgs boson, the gauge invariant generalization of Eq. (1) is, in the notation of Ref. [1] ,
where q 3 is the third generation SM quark doublet, φ is the scalar doublet,φ i = ǫ ij φ j and the SU(3) generators are normalized as Tr(T a T b ) = δ a,b /2. Electroweak symmetry is spontaneously broken when the scalar acquires a vacuum expectation value < φ >= v/ √ 2, v ≈ 246 GeV resulting in the correspondence
The main effect of imposing invariance under the SM group in this case is that the top-quark CEDM also modifies Higgs production in association with a top-quark pair [2] [3] [4] [5] [6] [7] . For our numerical estimates we will implicitly assume a new physics scale Λ = 1 TeV, but rescaling to any other value can be simply read off Eq. (2). The top-quark CEDM has been studied at length in connection with top-quark pair production and decay . A typical result is that of Ref. [17] where it is found that using CP-odd observables the 5σ statistical sensitivity with 10 fb −1 at 14 TeV to d g t is of order 0.1/m t . Most of the previous studies rely on measuring deviations from the SM cross section, or on measuring T-odd observables in the dimuon channel. Our purpose in this paper is to extend the study of CP-odd spin correlations written directly as T-odd triple products of momenta in the lab frame [34] to the lepton plus jets channel for the top-quark pair.
II. NUMERICAL STUDY
For our numerical study we generate multiple event samples for the process pp → tt → bbℓ ± νjj where ℓ = µ, e at 14 TeV center-of-mass energy that we summarize in the Appendix. The CEDM coupling is implemented in MADGRAPH5 [35] with the aid of FEYNRULES [36] . 1 We use the resulting UFO model files to generate events for several values of d tG in a range motivated by our previous results from Ref. [17] .
To single out CP violating couplings, we consider T-odd correlations that involve the beam, t quark, b quark, lepton and jet momenta with as many as eight momentum factors. These include all the ones that have been previously discussed in the literature to our knowledge. For each of these correlations, O i we quantify our bounds using the integrated asymmetry in the lab frame defined by
The events preserve all spin correlations between production and decay of the top quarks as the full amplitude for the process is calculated. In each case we generate event samples with 10 6 events after cuts, implying a 1σ statistical sensitivity to all asymmetries at the (σ/σ SM × 0.1)% level. We have used the following kinematic cuts
The beam momenta are written as
All observables involving q will be quadratic in q respecting the p 1 ↔ p 2 identical particle symmetry of the initial state.
We begin with the point Im(d tG ) = 3 for Λ = 1 TeV, which corresponds to almost twice the 5σ sensitivity for 10 fb −1 found in Ref. [17] in the dilepton channel. We use the dilepton channel as a benchmark to calibrate the size of the asymmetries, so we start by repeating the calculation for this case and tabulating our results in the second column of Table I for 13 different observables (the notation is further explained in the Appendix). In the third column of Table I , we present the corresponding correlations for the lepton plus jets channel for the idealized case in which the d quark (or s quark) could be tracked. Of course, these are not observable, but they allow us to compare directly with the dilepton channel since the charged lepton or down-type quark are the best spin analyzers in top decay. The results in Table I indicate that, with appropriate modifications, almost all the observables in the dilepton channel can be reproduced (at least in principle) in the lepton plus jets channel. In many cases the correspondence involves keeping track of the lepton charge as a way to keep the momenta in the correlation in the right order. There are three correlations that do not involve non-b jet momenta, A 2,5,12 , and they agree for both channels within statistical error (see note on A 5 below).
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0.0074 0.0113 Several comments with respect to Table I are pertinent:
• Identifying the T-odd correlations in semileptonic top-pair decay with the corresponding one in dilepton decay by using d ↔ ℓ results in the same asymmetry within statistical error. This is as expected and an important check at this stage of the calculation.
• When the identification is not exact, as in A 5 there is a small difference. We can check this is the case by repeating the semileptonic asymmetry with the correlation
, in which case we find A 5 = −0.0284.
• The momentum of the top quark that decays leptonically cannot be fully reconstructed. To see what effect this has, we repeat the calculation of the semileptonic asymmetries that involve a top-quark momenta, replacing it with the visible top-quark momenta defined as
This results in the asymmetries also shown in Table I . It is not necessary to repeat this exercise for the dilepton events since we do not concern ourselves with those in this paper, and this was done in Ref. [17] .
• The operator O 13 is T-odd but CP even, and as such it cannot be generated by a CEDM in agreement with our numerical result. It can, however, be used to look for unitarity phases. In the lepton plus jets channel it is possible to construct a T and CP odd operator with the same momenta, O 14 .
In Table II we construct the observables in terms of jet momenta, but still at the parton level. To do this we must define the non-b jet in a CP blind way and there is more than one definition that works. We illustrate the effect of four different definitions in Table II: • j 1 the jet in this case is the hardest non-b jet (largest p T ).
• j 2 the jet in this case is the second hardest non-b jet. Note that at the parton level this is the same as the softest non-b jet.
• j 3 the jet is the one closest to the b jet in the hadronic top decay side of the process, as determined by ∆R.
• j 4 the jet reconstructs the W that decays hadronically, that is,
In addition, we replace any top-quark momenta with the visible top-quark momenta as defined above.
Our numerical results are collected in Fig. 1 . They can be summarized with fits to the 14 observables of the form
with the coefficients c i tabulated in Table II . The coefficient c 13 is zero as can be seen from Figure 1 .
Several conclusions can be drawn from Table II . (7) for the four different ways to pick the jet. Note that t ort denote the visible top (or antitop) momenta as defined in Eq. (6).
• The asymmetries that do not require distinguishing between a b and ab, A 9,10,12,13 , are not very sensitive to the CEDM; in fact they are consistent with zero within our statistical error.
• In view of this, and because it may not be possible to completely distinguish the b andb jets at LHC, we propose O 4 in which the b's are classified by closeness to the lepton (b ℓ ) or hardest jet (b j ) as defined by ∆R.
• It appears that O 1 has the largest sensitivity. Since the t ort momentum cannot be fully reconstructed in the lepton plus jets channel we use the visible top momenta and this makes O 1,2,3 related. For example
as can be seen from simple kinematics.
• Table I shows that the sensitivity of the lepton plus jets channel is in principle as good as that of the dimuon channel. There is substantial dilution in going from an unobservable d quark to a jet. As Table II shows, however, a judicious choice of the jet to go in the asymmetry can improve sensitivity by factors of 2. The only condition in choosing this jet is that it should be CP blind: the probability should be the same in t ort hadronic decay.
• To arrive at the true sensitivity it will be necessary to simulate events at the hadron level and try different jet definitions; this task is better suited for the experimental collaborations.
A. Background
The dominant background processes discussed by the CMS and ATLAS collaborations are single top production, W plus jets, Z plus jets and QCD. None of these backgrounds is CP violating in the SM and hence they cannot contribute to true CP odd observables (those without the four-vectors P or q). In these cases they can only dilute the asymmetries by resulting in a larger measured cross section. The level at which this can occur can be inferred from the cross-section measurements, and in the 7 TeV CMS lepton plus jets analysis they would be under 6.5% [37] σ tt = (158.1 ± 2.1(stat) ± 10.2(syst) ± 3.5(lum)) pb
The asymmetries involving initial state momenta could be faked by unitarity phases [38] , such as those appearing at higher order in QCD [39] . This issue has not been fully studied for top-quark pair production, but at least in this case it can be addressed by studying the asymmetries A 1 and A 3 for example.
B. Dilution factors
There are several experimental factors that will affect the measurement of any of these asymmetries. Among them, not being able to distinguish between b andb jets, misidentifying the event as a top-pair event, misreconstructed objects, spatial resolution for particle momenta and so on. A simple way to parametrize these effects is with a dilution factor
where the dilution factor ε will be a product of dilution factors from all the experiment effects. For example, we have identified two of them in this paper for O 3 :
ε not tt ∼ 0.96 (12) The first factor is estimated by comparing A 3 and A 4 but note that the experiments may do better than this. The second factor is estimated from Table 2 in Ref. [37] . The remaining cross sections from the main background processes (in lepton plus jets at 7 TeV) were found to be: single top 1.17±0.10 pb; W +jets 3.35±0.26 pb; Z +jets 1.43 ± 0.29 pb, resulting in the number quoted above. This simple parametrization in terms of dilution factors will work as long as there is no CP violation in the background.
III. SUMMARY
Recent studies have dealt with placing limits on the CEDM of the top-quark by studying deviations from the SM cross section for top-pair production at the LHC. To single out the CP violating nature of this coupling, T-odd correlations were proposed with simulations concentrating on the dimuon channel. In this paper we extended the numerical studies of T-odd correlations to the lepton plus jets channel motivated by its higher statistics and interest from the experimental collaborations. We first identified operators in lepton plus jets that correspond to operators in the dilepton channel and compared their sensitivity. Once we established the form of the operator through this comparison, we constructed observables at the parton level in terms of jet momenta. We studied the effect of different jet definitions on the sensitivity of the observables. One of the most sensitive observables we found, O 3 , corresponds to T 2 discussed in Ref. [14] who found a similar sensitivity to the CEDM as we did.
The notation used in writing the correlations is shown below for O 3 as an example. With p µ ≡ (E, p x , p y , p z ),
where for the Levi-Cività tensor we use the convention ǫ 0123 = −1. This can be written as a determinant,
In the form given, O i is a Lorentz scalar that can be calculated in any frame and that turns into the more familiar triple product correlation in specific frames. In this case, in the bb center of mass it becomes 
